Intra-and Intermolecular Band Dispersion in an
ilar seasonal variations of IO and BrO (Fig. 4) . The observations of notable IO and BrO levels in continental air masses indicate that halogen activation is not limited to coastal sea ice. Seasalt aerosol and frost flower fragments coated with sea salt will be wind-borne from the ice front into the interior of the continent and deposited on the snowpack; subsequent heterogeneous reactions will then recycle photolabile halogens to the gas phase. It is therefore very likely that IO is as widespread around coastal Antarctica as satellite measurements show to be the case for BrO (10) .
Our results indicate that these high and sustained levels of halogen oxides should have a profound impact on the chemistry of the Antarctic boundary layer. Further observations and laboratory work are needed to confirm the processes that lead to the formation of such a large burden of reactive iodine and bromine and to establish the overall influence of the chemistry on the Antarctic troposphere. 27. P. Spietz, J. C. Gomez-Martin, J. P. Burrows The high crystallinity of many inorganic materials allows their band structures to be determined through angle-resolved photoemission spectroscopy (ARPES). Similar studies of conjugated organic molecules of interest in optoelectronics are often hampered by difficulties in growing well-ordered and well-oriented crystals or films. We have grown crystalline films of uniaxially oriented sexiphenyl molecules and obtained ARPES data. Supported by density-functional calculations, we show that, in the direction parallel to the principal molecular axis, a quasi-onedimensional band structure of a system of well-defined finite size develops out of individual molecular orbitals. In contrast, perpendicular to the molecules, the band structure reflects the periodicity of the molecular crystal, and continuous bands with a large dispersion were observed.
T he bulk band structures of many crystalline inorganic materials have been determined experimentally with methods such as angle-resolved valence band photoemission spectroscopy (ARPES), in part because single crystals with almost any desired orientation are available and well-defined surface terminations can be prepared in situ. For their organic counterparts, this situation is not the case because single crystals of organics generally face three basic problems: Their small size limits signal, these materials are not highly conductive and thus charging, and the orientations available are limited to their cleavage planes. Numerous attempts to measure band structures on in situ grown organic films have had limited success because of inherent disorder in these films. The propensity of the molecules to crystallize leads to a multiplicity of crystallite orientations and morphologies unless great care is taken. The challenge lies in growing thin films on conducting substrates with a single unique crystallite orientation (1) (2) (3) (4) (5) (6) (7) .
Although thin films of conjugated organic molecules are entering the marketplace as the active elements in various optoelectronic devices, the basic understanding of their electronic structure, crucial to their function, is lacking. The electronic band structure, electron energy versus momentum E(k), of the conjugated p system defines both the electronic properties and the optical properties of the so-called organic semiconductors.
Here we report the electronic p band structure of sexiphenyl (6P), a rodlike molecule with six phenyl rings linked together in the paraposition, obtained with ARPES from a (20-3) oriented crystalline film and compare the results with ab initio calculations (8) . This orientation can be grown on weakly interacting anisotropic substrates, such as Cu(110)-p(2x1)O or TiO 2 (110), which uniaxially align the molecules parallel to the atomic corrugation of the substrate (9-13). The band dispersions were measured parallel to the long molecular axis and in two directions perpendicular to the molecule. In the direction parallel to the molecules, the observed dispersion, that is, the energy spread of related orbitals constituting a band, is determined by the molecule itself. This so-called intramolecular dispersion provides a textbook example of the formation of the band structure from discrete orbitals of a quasi-one-dimensional system of well-defined finite size. Perpendicular to the molecules' long axis, continuous bands reflecting the crystal lattice periodicity were observed. This anisotropy, together with the contribution from the various p orbitals with different intermolecular overlap, is discussed in light of band structure calculations (14, 15) .
The 200 Å-thick films investigated consisted of rectangular 6P(20-3) crystallites (~200 nm by 500 nm), which completely tiled the p(2x1)oxygen-reconstructed Cu(110) sub-strate. The schematic of Fig. 1A shows a 6P oriented crystallite with the relevant dimensions and directions indicated. The planes, parallel to the substrate, have a rectangular unit cell of 54.6 Å by 11.1 Å and consist of uniaxially oriented molecules whose aromatic planes are tilted at ±35°to the substrate. A scanning tunneling microscopy (STM) image of the 6P monolayer, on which the crystallites grow, with the twodimensional (2D) unit cell indicated, is shown in Fig. 1B . The molecules in the y direction are closepacked in columns, with their tilt angle alternating between columns. In the crystallite, perpendicular to the surface (z direction), the molecules also have alternating tilt directions, leading to a periodicity of 7.7 Å or twice the interplanar distance.
Sexiphenyl consists of six phenyl rings with an inter-ring spacing of~4.35 Å. In the gas phase, steric hindrance of the hydrogen atoms of neighboring rings leads to a torsional angle of~30°between adjacent phenyl units. Structural studies have concluded that this twist in the molecule is removed on packing in the crystal, and the rings become co-planar (16) . The electronic structure of the upper p bands of 6P can be best conceptualized by considering the molecule as a chain of benzene rings, each contributing two degenerate p orbitals. On building the 12 p orbitals of the seximer, the two degenerate p orbitals form inter-ring bonding and antibonding combinations (17) , and so two p bands, consisting of six orbitals each, arise. The energy spread of the orbitals, i.e., the widths of the bands, is determined by the inter-ring overlap. The band, based on the combination of benzene orbitals with most weight at the linking carbon atoms consisting of the three highest antibonding and the three lowest bonding orbitals, has the highest overlap between benzene rings and energy spread and will be called the delocalized band. The other benzene p orbital has lower inter-ring overlap, and consequently the six orbitals arising from it in 6P have lower energy dispersion. These intermediateenergy "nonbonding" orbitals (18) will be referred to as the localized band. The degree of inter-ring overlap is naturally dependent on the molecules torsional angle, and the energy dispersion of these bands will be lowest in the twisted gas phase molecules.
The band structure, E(k) versus k, of an isolated 6P molecule is illustrated schematically in Fig. 1C . In the manner of Hoffmann (19) , sacrificing precision for clarity, the 6P orbitals are best conceptualized as a linear combination of the benzene orbitals
where a is the interring spacing and c n the benzene orbital of the nth ring. For the delocalized band at k = 0, Y 0 = S n c n is the most antibonding orbital [the highest occupied molecular orbital (HOMO)], whereas at k = p/a, Y p/a = S n (-1) n c n is the most bonding orbital (HOMO-11). This band decreases in energy from G (k = 0) to the first Brillouin zone boundary. In contrast, at k = 0, the orbital of the localized band is bonding, and this band will increase in energy from the G point. In the schematic, the orbitals at the extremes of the bands are depicted (all orbitals can be found in fig. S1 ). These have been calculated by first principles density functional theory and differ from expectations from a simplistic linear combination of benzene orbitals because of the finite dimension of the chain, with the electron density tailing off toward the ends of the molecule.
A set of valence band photoemission spectra from the p orbitals, measured as a function of electron emission angle (q) in the direction along the molecular axis, is shown in Fig. 2A . The orbital emissions exhibit distinct maxima at discrete q values because different takeoff angles probe different momenta. After converting q to momentum, the p band map of sexiphenyl [E(k x )] is obtained (Fig. 2B) . The density of states, derived from integrating the data over k x , is included on the side, and the orbitals of the delocalized p band are labeled, starting with the HOMO.
The emission intensities of the molecular orbitals are clearly not homogeneously distributed in k x , and distinct maxima are observed. If the crystalline periodicity of 54.6 Å in this direction were dominant, the Brillouin zone would be small (0.12 Å
−1
). Such a small k-space periodicity would yield a more or less constant intensity over the 3 Å −1 k range recorded (15), which is not evident in the data. At first glance, the data are very similar to that expected for an isolated molecule expressed in Fig. 1C . The six orbitals of the delocalized band are seen running down from the Brillouin zone center (k x = 0) to k x = p/a, and the observed k-space periodicity of 1.4 Å −1 relates well to the inter-ring spacing within the molecule of a = 4.35 Å. Note that these orbital emissions are much stronger running up from k = p/a to 2p/a, which will be discussed with the Fourier analysis.
However, more features are seen than would be expected for the band of the planar molecule, in particular the intensity around p/a for the HOMO and the HOMO-1. The observed periodicity in reciprocal space is not 2p/a but rather 2p/2a, indicating that the periodicity within the molecule is not the monomer spacing but the dimer spacing, which leads to a folding back of the band. This periodicity can be rationalized by the molecule having a twisted conformation, at least in the near-surface region probed by ARPES. We have introduced the possibility of such a twisted conformation for 6P in the solid state in earlier work from ionization energy considerations (20, 21) . From a band structure point of view, the delocalized band should rather be interpreted in terms of two minibands created by the folding back: an antibonding band consisting of HOMO, HOMO-1, and HOMO-2 and a bonding band containing HOMO-9, HOMO-10, and HOMO-11, with the quasi-Brillouin zone boundary at p/2a.
Although the number of orbitals in a band is determined by the number of unit cells, the k-space widths of each orbital is reciprocally related to its spatial extent and thus the finite size of the system; an infinitely long polyparaphenylene chain would result in a band consisting of an infinite number of orbitals that are infinitely sharp in k. Thus, the Fourier transform of each orbital should reflect its k space spread (1, 22) . In Fig. 2 , the results of the Fourier transform of the six delocalized p orbitals calculated for a twisted 6P molecule are overlaid on the experimental band map. The agreement with experiment is remarkable, with the positions, the k widths, and the relative intensities being fully reproduced. Of particular note is the precise agreement of both position and relative intensities for the HOMO and the HOMO-1, which are energetically well resolved from other bands. In fig. S2 , the experimental intensity line scans at the respective orbital energies are shown in comparison to the Fourier transforms of the calculated orbitals for both planar and twisted 6P. Again, the better explanation of the data by twisted 6P is emphasized.
A surprising aspect of the comparison of the Fourier transforms with experiment is that the observed high intensities in the second Brillouin zone are reproduced. Photoemission intensities can be determined by the transition matrix within Fermi´s Golden Rule and are generally difficult to calculate. However, the mathematics of the Fourier transform of the orbitals is equivalent to a calculation for the transition matrix from the initial state orbital to a plane wave final state (8) . This analysis naturally neglects phase shift and diffraction effects of the outgoing photoelectron; such scattering effects by each atomic potential and a reciprocal lattice vector would enhance the intensity of the HOMO at G, which is not reproduced in the Fourier transform.
As well as the distinct features associated with these delocalized p orbitals, the nonbonding ps appear as an almost-continuous intensity background in the region around 4.25 eV, that is, roughly between the two minibands. Close inspection suggests that this localized band does indeed run up from the G point with a dispersion of about 0.2 eV. The orbitals of this band are near degenerate, as expected if the molecule is twisted, but, given the uncertainty arising from the experimental resolution and the proximity in energy of HOMO-9, no strong conclusion will be drawn from it.
Such unambiguous observation of such intramolecular orbital dispersion has been difficult to obtain. For relatively long alkyl chains, which pack vertically in films, the bands from normal emission experiments have been plotted, but, because of the necessarily large number of repeat units, the discrete orbitals could not be observed (4, 6, 23) . Similar measurements on films of upright 6P itself (1) could not resolve these features because, in the 6P(001) orientation, the molecules are actually at 17°from normal.
We now consider the angular behavior of the orbital emissions in the direction perpendicular to the molecular axis. In this direction, the molecules present themselves as relatively densely packed p stacks with a periodicity of 5.6 Å (Fig.  1A) , the closest interplanar spacing for the molecules in a 6P crystal. Any intermolecular over- lap, and thus any considerable intermolecular dispersion, would be expected to be in this direction. In the photoemission data over a 60°r ange of takeoff angle, the delocalized p orbitals are weak, and the p band emissions are dominated by the localized band [nonbonding orbitals ( fig. S3)] . In contrast to the k x data, the k y data show very little intensity variation with angle, and the major change is in the energy position of the nonbonding feature. The data are presented in an intensity map in Fig. 3 after conversion from q to k y . The only delocalized orbitals of the molecule that can be truly distinguished are HOMO and HOMO-1. Their intensities are spread almost uniformly in k y , with a barely discernable energy dispersion. Such flat bands imply these orbitals are localized to the molecules. These orbitals have little overlap between molecules in the crystal and are unlikely to be directly involved in so-called band transport. In the E(k y ) map, the energy changes in the nonbonding orbitals are visibly periodic in k. This band runs up from G to a zone boundary at 0.56 Å −1
, which implies a real space lattice periodicity of 5.6 Å, which is the same as the molecular spacing of the bulk crystal in this direction.
This intermolecular band has a dispersion of 0.7 eV, which is very large for a film with a single component (5) . Such a large dispersion implies that these nonbonding orbitals are delocalized throughout the 6P molecular crystal. The direction in which the band dispersion runs also reveals packing information. If the molecules were stacked face-on, this band would run down from G. That it disperses up is a result of tilt of the molecular plane inherent in the herringbone structure (fig. S4) .
The results of the band structure calculations for the crystal of planar 6P molecules in this direction are overlaid on the experimental data of Fig. 3 . Each molecular orbital of the isolated molecule gives rise to two near-degenerate bands because there are two 6P molecules per unit cell in the crystal. The predicted dispersion of the delocalized ps HOMO and HOMO-1 is~0.1 eV, which is of the order of the experimental resolution at room temperature and can be barely discerned in the experiment. For the localized band, all defining parameters, that is, the direction, periodicity, and size of the dispersion, are in good agreement with experiment. At the G point, the band is experimentally sharper in energy than the calculation. This discrepancy between theory and experiment arises presumably because the molecules are in fact not planar (24) . A twist in the molecules leads to a collapse to near degeneracy for the localized orbitals.
We have also investigated the band structure perpendicular to the surface plane [E(k z )] by recording the photoemission spectra in normal emission as a function of photon energy [40 to 110 eV ( fig. S5)] . The results are qualitatively similar to the y direction discussed above, in that the orbitals of the delocalized p band are weak with little intensity variation. The dominating nonbonding orbitals display a smaller dispersion of 0.35 eV. The observed periodicity is 0.7 Å −1 and reflects the interplanar distance of 3.8 Å rather than 7.6 Å and is in agreement with band structure calculations in this direction.
Controlled film growth has allowed both the intra-and intermolecular band structure of a prototypical p conjugated system to be directly determined. Perpendicular to the molecules, the observed band dispersion reflects the lattice spacing of the crystal. Interestingly, the orbitals delocalized over the molecule are seen to be localized on the molecule in the crystal, whereas the orbitals localized on the phenyl building blocks of the molecule are delocalized in the crystal and form strongly dispersing bands. In the direction parallel to the molecules, the intermolecular overlap is seen to be negligible, and the result reflects the formation of the band structure of an isolated molecule out of individual orbitals. In this case, the individual orbitals constituting the band are resolvable, and it can be concluded that the molecules in fact adopt a twisted conformation.
The results are also important for organic thin film fabrication, where, for example, the effects on the electronic structure of structural phase transitions or different thin film polymorph structures, common in the organics, are as yet to be explored. The challenge is to control the organic thin film growth, as done here, to achieve highly oriented molecular films with a single crystalline orientation. (HOMO and HOMO-1) , but also the strong dispersion of the orbitals localized (white lines) on the phenyl rings in the isolated molecule. Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route to synthesizing CdS-Ag 2 S nanorod superlattices through partial cation exchange. Strain induces the spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and modeling of strain energies show that these forces drive the self-organization of the superlattices. The nanorod superlattices exhibit high stability against ripening and phase mixing. These materials are tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices.
HOMO-
T he ability to pattern on the nanoscale has led to a wide range of advanced artificial materials with controllable quantum energy levels. Structures such as quantum-dot arrays and nanowire heterostructures can be fabricated by vacuum-and vapor-deposition techniques such as molecular beam epitaxy (MBE) and vapor-liquid-solid (VLS) processes, resulting in quantum-confined units that are attached to a substrate or embedded in a solid medium (1) (2) (3) (4) (5) . A target of colloidal nanocrystal research is to create these same structures while leveraging the advantages of solution-phase fabrication, such as low-cost synthesis and compatibility in disparate environments [e.g., for use in biological labeling (6, 7) and solution-processed light-emitting diodes (8) and solar cells (9) ]. One key difference between quantum dots epitaxially grown on a substrate and free-standing colloidal quantum dots is the presence of strain. In epitaxially grown systems, the interface between the substrate crystal and the quantum dot creates a region of strain surrounding the dot. Ingeniously, this local strain has been used to create an energy of interaction between closely spaced dots; this use of "strain engineering" has led, in turn, to quantum-dot arrays that are spatially patterned in two (and even three) dimensions (2) (3) (4) . We demonstrate the application of strain engineering in a colloidal quantum-dot system by introducing a method that spontaneously creates a regularly spaced arrangement of quantum dots within a colloidal quantum rod.
A linear array of quantum dots within a nanorod effectively creates a one-dimensional (1D) 
